Background-Binge-drinking of alcohol during adolescence is a serious public health concern with long-term consequences, including increased pain, fear and anxiety. The periaqueductal gray (PAG) is involved in processing pain, fear and anxiety. The effects of adolescent binge drinking on gene expression in this region have yet to be studied.
INTRODUCTION
Alcohol (ethanol) consumption by adolescents and young adults continues to be a problem. A multi-national study estimated that between 20% and 40% of adolescents have engaged in binge drinking (Marshall, 2014) , defined by NIAAA as "a pattern of drinking that brings blood alcohol concentration (BAC) levels to 0.08 g/dL." Early age of first use and binge drinking both predict increased risk for alcohol use disorders in adulthood (reviewed in Spear, 2015) . Extreme binge drinking is of particular concern, with 10.5% of 12 th graders reporting consumption of 10 or more drinks on one occasion (Spear, 2015) . Two-thirds of the alcohol consumed by college students is consumed by the 20% of them who are frequent binge drinkers (Spear, 2015) . A review by Jacobus and Tapert (2013) reports differences in gray and white matter in adolescents exposed to alcohol; white matter volume decreases and integrity is poorer in cortical and subcortical projections. Neurocognitive performance is poorer, with impaired attention, executive functions and memory (Jacobus and Tapert, 2013) .
Binge-like behavior has been observed in selectively bred alcohol preferring (P) rats, with adults and peri-adolescents of both sexes readily achieving blood ethanol levels ≥ 80 mg% (Bell et al., 2011 , Bell, et al., 2014 . Intermittent access to ethanol using multiple scheduled access protocols enhances this binge-like drinking (Bell, et al., 2014) . Peri-adolescent selectively bred rats consume more alcohol than their adult counterparts (Bell et al., 2014) . A study of adult and adolescent P rats using a multiple scheduled access protocol reported that adult male rats drank 1.5-2.5 g/kg per session while adolescent males consumed an average of 2.7 g/kg, achieving blood ethanol levels of 80 mg% and 100 mg% respectively (Bell et al., 2011) . At comparable blood alcohol levels, both human and animal adolescents show less sedation and better motor coordination than adults, and the rewarding and reinforcing properties of alcohol are higher in adolescents (Bell et al., 2014 , Spear 2015 .
The effects of adolescent binge-like alcohol exposure on several brain regions have been studied. There was reduced basal α-MSH immune-reactivity in the central nucleus of the amygdala (CeA; Lerma-Cabrera et al., 2013) . Binge-like ethanol administration to adolescent rats led to lower c-fos immune-reactivity in the nucleus accumbens (AlauxCantin et al., 2013) . Binge-like alcohol drinking by adolescent P rats led to many changes within the extended amygdala (McBride et al., 2014) and in the dorsal raphe nucleus (DRN) (McClintick et al., 2015) . In the DRN, the serotonin system was most significantly altered with decreased expression in receptors, transporters, and enzymes that synthesize serotonin (McClintick et al., 2015) . GABA A receptors were also decreased in the DRN, as were many genes in neuropeptide systems (McClintick et al., 2015) . Both the extended amygdala and DRN showed changes in cAMP and protein kinase A signaling. Receptors for NPY were increased in the extended amygdala but decreased in the DRN (McBride et al., 2014 , McClintick et al., 2015 .
The PAG plays important roles in the processing of pain, fear and anxiety (reviewed in Behbehani, 1995) . Anxiety and fear are commonly associated with alcohol withdrawal (Pandey et al., 2015 , Koob, 2013 . Animals exposed to ethanol during adolescence were, as adults, more anxious and drank more than the animals not previously exposed to ethanol (Pandey et al., 2015) . Furthermore, the PAG receives significant serotonergic innervation from the DRN involved in fight-or-flight behavioral responses (Johnson et al., 2004) . Li et al. (2013) reported that acute ethanol produced a robust enhancement of glutamatergic synaptic transmission in the PAG. GABA A and μ opioid receptors (Silva and Nobre, 2014) and glutamate receptors (Ezequiel Leite and Nobre, 2012; Long et al., 2007) within the PAG are affected in ethanol withdrawal. Microinjection of NMDA or AMPA antagonists into the PAG reduced ethanol intake during withdrawal (Ezequiel Leite and Nobre, 2012) . In addition, there may be an association between chronic pain and alcohol dependence, suggesting overlapping neural mechanisms (Apkarian et al., 2013) . But thus far, the global effects of ethanol on changes in gene expression within the PAG have not been studied.
Alcohol dependence is a relapsing disorder that has been conceptualized as three stages, binge/intoxication, withdrawal/negative affect and preoccupation/anticipation (Koob, 2013) . Increasingly, the negative consequences of not drinking rather than the rewarding or positive aspects of drinking are responsible for relapses. The PAG is associated with anxiety, fear and pain (Bebehani, 1995) . Therefore, we examined the PAG gene expression profile in bingedrinking male adolescent P rats to identify developmental changes in the PAG that could play a role in the transition from positive to negative reinforcement as the motivator for drinking.
MATERIALS AND METHODS

Ethanol exposure and RNA extraction
Adolescent male P (alcohol preferring) rats were allowed to binge drink as described previously (McBride et al., 2014) . Gene expression changes have been reported in 3 regions of these same rats: accumbens shell, central core of the amygdala (McBride et al., 2014) and dorsal raphe (McClintick et al. 2015) . Briefly, starting at 28 days of age, 11 male P rats were given ad libitum access to food and water, and access to ethanol (15 and 30% ethanol solutions concurrently) in 3 × 1 h sessions per day for 5 consecutive days/week, while 10 control animals were treated identically except without access to ethanol. This free-choice multiple-scheduled-access to ethanol procedure (Bell et al., 2014 , Bell et al., 2011 resulted in average daily ethanol intakes of approximately 8 g/kg/day, with intakes of 2-3 g/kg for each of the 3 daily 1 h sessions (McBride et al., 2014) . These levels of intake lead to BAC of 100 mg% (Bell et al., 2011) , and therefore meet the criterion for binge-drinking put forth by the National Institute on Alcohol Abuse and Alcoholism (NIAAA, 2004) . The rats were sacrificed at 49 days of age, 3 h after the 1 st access session on their 15 th day of drinking. All research protocols were approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee and are in accordance with the guidelines of the Institutional Care and Use Committee of the National Institute on Drug Abuse, National Institutes of Health, and the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council 1996).
Brains were rapidly extracted and flash-frozen in isopentane in dry ice and stored at −80 C until sectioning. Brains were sectioned (300 μm) and the PAG was micropunched from 6.04 mm to 7.30 mm post bregma, using procedures previously described (McBride et al., 2014) . Other brain regions of these animals have been studied (McBride et al., 2014 , McClintick et al., 2015 . The yield, concentration and purity of the RNA were measured by Nanodrop (Thermo Fisher Scientific, Waltham, MA) spectrum from 220 nm to 340 nm. Quality was further assessed by Agilent Bioanalyzer (Agilent Technologies, Santa Clara, Ca); RNA integrity numbers (RIN) averaged 8.4 for the samples.
RNA sequencing and analysis
RNA sequencing and analysis were carried out as previously reported (McClintick et al., 2015) . We first used SOLiD ™ Instrument Control Software and SOLiD ™ Experiment Tracking System Software for the read quality recalibration. Sequences containing more than two 'N' were discarded. If a 5 base sliding window had an average quality score less than 20, the read was truncated at the beginning of that 5-base window. Reads with fewer than 35 bases were discarded. Reads that passed these filters were mapped to the rat genome (rn4) using the BFAST algorithm (Homer et al., 2009 ). We used a Tophat-like strategy (Trapnell et al., 2009) to align the sequencing reads on both exonic regions and across junctions. The expression levels of each isoform were counted using NGSUtils (Breese and Liu, 2013) , normalized to the total number of sequencing reads falling into annotated gene regions in each sample, and further scaled based on a trimmed mean of log transformed counts per million (CPM) value to correct for the variability of RNA composition in each sample (Robinson and Oshlack, 2010) . The scaled CPM was used as gene level quantification in each sample. We used the edgeR package to identify the genes that are differentially expressed between alcohol drinking and water groups (Robinson et al., 2010) . FDR was calculated according to Benjamini and Hochberg (1995) . RPKM (Reads per Kilobase per Million Reads), which adjusts expression relative to transcript length, is reported in the tables and supplemental tables.
Qiagen Ingenuity Pathway Analysis (IPA) was performed on the genes significant at FDR ≤ 0.05. Pathways that contained fewer than 5 differentially expressed genes were dropped. Pathways with the same list of genes were collapsed (e.g. multiple cholesterol synthesis pathways).
RESULTS
Differential gene expression
We used RNA sequencing to examine changes in gene expression in the periaqueductal gray (PAG) of adolescent male P rats that had consumed high levels of ethanol in a repeated binge-drinking pattern over a 3-week period (post-natal days 28 to day 49). The average consumption was approximately 8 g/kg per day for the 5 drinking days of each week, with average intakes of 2-3 g/kg in each 1 h session (McBride et al., 2014) . Although blood alcohol levels were not measured in these animals, similarly treated adolescent animals reached blood alcohol levels of 100 mg% at the end of a 1 h session (Bell et al., 2011) . There were 12,123 genes detectably expressed, of which 1,670 genes (14%) were differentially expressed between ethanol exposed and control animals; 877 (53%) were decreased (at FDR ≤ 0.05; Supplementary Table 1 ). Among the differentially expressed genes, 815 (49%) had absolute fold changes >1.5; 51% of genes with > 1.5 fold changes were decreased.
Genes encoding receptor subunits and transporters for several neurotransmitters were differentially expressed ( Table 1 ). The glutamate system had the largest number of genes with altered expression, with nearly equal numbers increased and decreased. Three of the four NMDA receptor subunits and four of the 6 metabotropic receptors had decreased expression with alcohol drinking. Expression of the vesicular transporter gene Slc17a6 (encoding VGLUT2) was decreased, whereas Slc17a7 (encoding VGLUT1) was increased. Two glutamate reuptake transporters, Slc1a3 (astrocytes) and Slc1a6 (neuronal), had increased expression in the alcohol group, while another astrocyte-associated transporter, Slc1a2, had decreased expression.
Most GABA A receptor subunit genes (6 of 8) showed decreased expression in the alcohol group, but Gabra6, which is expressed more highly than other GABA A subunits in this tissue, showed increased expression. The 5 serotonin-related genes that were differentially expressed all had reduced expression. Similarly, all 6 differentially expressed acetylcholine receptor-related genes and all 4 of the glycine receptor-related genes had reduced expression in the drinking animals. Expression of dopamine receptors Drd2 and Drd5 was decreased in the alcohol drinking group. One highly expressed adenosine receptor (Adora1) was increased 1.4-fold. Four purinergic receptors also had altered gene expression.
Expression of genes for some neuropeptides and their receptors was altered (Table 2) ; most (17/21) were expressed at lower levels after repeated binge drinking. The five genes in the opioid system, the 2 NPY receptors and the 2 galanin receptors that were altered by drinking all had decreased expression. The hypocretin (orexin) neuropeptide precursor (Hcrt) had increased expression but its receptor Hcrtr2 had reduced expression. The tachykinin precursor gene (Tac1) and the Tacr1 receptor had decreased expression, while Tacr3 had increased expression. Two of the 3 somatostatin receptor genes had decreased expression, whereas Sstr3 had increased expression.
Many ion channel genes were differentially expressed (Table 3) . Among the K+-channels that were differentially expressed, 11 of 15 K+ voltage-gated channels had reduced expression in the drinking group. In contrast, 3 of 4 K+-inward rectifying channels had increased expression. Among the differentially expressed Na+-channels, 6 of 8 voltage-gated channels had reduced gene expression. The two voltage-dependent calcium channels expressed at highest levels (Cacna1a, Cacna1g) were both increased, while 3 expressed at lower levels were decreased. Both intracellular chloride channels that were differentially expressed were increased.
Nine genes in the cholesterol synthesis pathway (Table 4 ) had decreased expression in the binge drinking animals including the rate limiting enzyme for cholesterol production, Hmgcr (3-hydroxy-3-methylglutaryl-CoA synthase 1; down 1.5 fold). Many genes involved in myelin production were decreased by 1.3 to 1.8 fold (Table 4) .
Pathway Analysis
Qiagen Ingenuity pathway analysis (IPA) was performed using the 1,670 differentially expressed genes. IPA Pathway analysis showed 143 pathways with FDR ≤ 0.05 (Supplemental Table 2 ). Many of these pathways were not independent: 23 genes (mostly kinases and other signaling molecules) were found in between 25 and 87 of the pathways, and 119 of the pathways contained at least 5 of these genes. There is a cluster of PI3 kinases (Pik3r2, Pik3r3 and Pik3c2g) that are found in 86-87 of the pathways. Three protein kinase C genes (Prkcd, Prkcg and Prkar2b) are found in 42-58 pathways, some overlapping with the PI3 kinase-containing pathways. Other groups of genes with disproportionate impact are adenylate cyclases (Adcy1, Adcy10, Adcy7) and G protein subunits that can be coupled to many different G-protein coupled receptors (Gng7, Gnb3, Gng13, Gnas).
Upstream regulator analysis identified 201 putative upstream regulators that could contribute to the observed changes in gene expression (Supplemental Table 3 ). Glucagon, glutamate, somatostatin and norepinephrine are identified as active, as were ILR1, IL17A, IL2 and LPS. Also noted as possible activators are CREBBP/CREM and protein kinases A and C. PPAR α and γ, HDAC4, mifepristone, cannabinol, morphine, taurine, testosterone, RXR, PXR, Insulin receptor, and steroid regulatory binding proteins Srebf1 and Srebf2 all appear to show reduced activity. Many circulating molecules and drugs are predicted to be active (e.g. have effects similar to those found after ethanol) or to be inactive (and potentially oppose those effects) ( Table 5 ).
DISCUSSION
The PAG plays a role in processing fear and anxiety, which are characteristic of alcohol withdrawal (Bebehani et al., 1995) . We examined the effect of repeated binge drinking of ethanol during adolescence on gene expression profiles in the periaqueductal gray (PAG). Adolescent P rats consumed quantities of ethanol that are known to result in BACs of 100 mg% (McBride et al., 2014) . Of the detectably expressed genes, 14% were differentially expressed 3 hours after the last drinking episode. These results demonstrate that repeated binge drinking has a significant effect on the function of the PAG.
Gene expression in other brain regions of these same animals has previously been studied (McBride et al, 2014; McClintick et al., 2015) . In the dorsal raphe nucleus (DRN), 12,047 genes were detected, of which 3567 (30%) were differentially expressed; 1648 (46%) of these had decreased expression (McClintick et al., 2015) . The PAG and DRN had 1280 differentially expressed genes in common with same direction of change (Supplemental Table 1 ). Although technical differences greatly affect the comparisons, microarray studies showed 182 named genes differentially expressed in central amygdala and 154 in the accumbens shell of these same animals (McBride et al., 2014) . Only 4 genes were differentially expressed in the same direction (all increased) in all 4 of these regions: Cyr61 (cysteine-Rich, angiogenic inducer, 61), Dusp1 (dual specificity phosphatase 1), Ier2 (immediate early response 2) and Kif15 (kinesin family member 15).
Neurotransmitters
The glutamate signaling system was broadly affected, with trends similar to those seen in the DRN (McClintick et al., 2015) . The overall effect suggests a change in the composition of the glutamate receptors rather than a major reduction in receptor numbers. There are offsetting changes in expression for type I metabotropic receptors (Grm1 and Grm5). Grm1
and Grm5 have downstream effects on phosphoinositide 3-kinase (PI3K). In the PAG, three PI3K associated genes were increased by binge drinking (Pik3c2g, Pik3r2, Pik3r3), along with Akt2. These genes are associated with numerous pathways that were identified by the IPA analysis. Cozzoli et al. (2016) found that male adolescent mice exposed to binge drinking had decreased PI3K activity in the nucleus accumbens; the difference in direction could be related to either brain region or species differences. Among the type III metabotropic receptors (Grm4, Grm7 and Grm8), which are generally pre-synaptic, the increase in the highly expressed Grm4 could offset the decreased expression of Grm7 and Grm8 in terms of total receptor number.
For NMDA receptors, again the changes are offsetting: Grin2c is the most highly expressed NMDAR2 receptor and was the only NMDA subunit with increased expression; Grin2b, Grin2d and Grin3a had decreased expression. Alcohol acts as an allosteric modulator of NMDA receptors, and can decrease glutamate signaling by decreasing the mean open time of the channel. Grin1, Grin2a and Grin2b all contain ethanol-sensitive domains (Zhao et al., 2015) , but of these only Grin2b expression was decreased. Replacing Grin2b subunits by Grin2c subunits could result in NMDA receptors that are less sensitive to ethanol. Gria4, the most highly expressed AMPA receptor, was increased 1.4 fold and Grid2 was increased 1.7-fold in the PAG; these were the only 2 glutamate receptors with no offsetting changes in other subunits of the same class. AMPA receptors are also inhibited by ethanol (Wirkner et al., 2000) , so the increase in Gria4 may be compensatory.
Overall GABA transmission may be reduced because the upstream regulator analysis (Table  5 ) identified bicuculine, a GABA A antagonist, as being capable of producing some of the changes seen with ethanol. Changes in GABA A subunit expression may therefore be compensatory for this loss. One of the main aspects of GABA A receptors in the PAG is tonic inhibition (Behbehani, 1995) . GABA A receptors composed of Gabrd along with the α4 or α6 subunit are primarily found extrasynaptically (Lovinger and Roberto, 2013) ; these receptors generate tonic inhibitory conductance (Hanchar et al., 2005) . These extra synaptic receptors are sensitive to ethanol, which potentiates this tonic current in a protein kinase C delta dependent manner (Lovinger and Roberto, 2013) . Given this potentiation, it is notable that Gabrd and Gabra6, both highly expressed, were both increased along with Prkcd. The most highly expressed GABA transporter (Slc6a11, GAT2) was decreased, which could leave more GABA in extracellular spaces, where it could activate phasic or tonic GABA conductance. Three of the genes downstream of bicuculine (Ier2, Cyr61 and Dusp1) were increased in the other 3 brain regions studied (McBride et al., 2014 , McClintick et al., 2015 .
Glycine receptors are ligand gated ion channels, which, when activated, reduce firing. Ethanol is a positive allosteric modulator of the glycine receptor (Farley and Mihic, 2015) . Four subunits, α1, α2, α3 and β, had decreased expression, which may compensate for the positive modulation by ethanol. Glrb (encoding the gly-B receptor) is the most abundantly expressed glycine receptor in the PAG, and has been implicated in hypo-nociception (Martins et al., 2008) , thus the reduction in this receptor could increase nociception. Expression of the glycine reuptake transporter gene, Slc6a5, was also decreased, which may moderate the effect.
Receptor subunits for 3 other neurotransmitter systems, dopamine, acetylcholine and serotonin, all had reduced gene expression. Acetylcholine injected into the ventral lateral PAG causes hypotension (Delindo, et al., 2010) , indicating that acetylcholine signaling can limit physiological changes associated with anxiety and stress. Genes for serotonin signaling were also largely decreased in the DRN of adolescent alcohol drinking P rats (McClintick et al., 2015) . Release of serotonin in the dorsal lateral PAG inhibits stress induced sympathetic activity via the Htr1a receptor (Johnson et al., 2004) , which was decreased −1.5 fold in these binge drinking animals. Adra1a, an alpha-adrenergic receptor subunit gene, also had decreased expression. Since norepinephrine injected into the PAG has an anxiolytic effect (Pelosi, et al., 2009 ) the decrease in Adra1a could make these animals more prone to anxiety in stressful situations.
The highly expressed adenosine receptor Adora1 had 1.4-fold increased expression. Ethanol has been shown to increase the expression of the α1 adenosine receptor, especially after multiple withdrawal periods (Butler and Prendergast, 2012) . Ethanol also increases extracellular adenosine (Butler and Prendergast, 2012) . Adora1 is linked to G i/o proteins, which inhibit adenylate cyclase, and thus decrease cAMP production. Adenosine may be responsible for some of the sedating/sleep inducing effects of ethanol (Butler and Prendergast, 2012) . P2RX type purinergic receptors had mixed changes but the overall effect was increased expression for these receptors.
Nitric oxide (NO) in the PAG is involved in anxiety like behaviors. NO scavengers and antagonists of neuronal nitric oxide synthase (Nos1) injected into the PAG have been shown to reduce anxiogenic effects of alcohol withdrawal in rats (Bonassoli et al., 2012) . Nos1 increased 1.75 fold in the PAG. Nitric oxide works by increasing the production of the second messenger cGMP (Meyer and Queszner, 2013) . Phosphodiesterase 5A (Pde5a), which breaks down cGMP, was up 1.75 fold. The drug sildenafil, a Pde5a inhibitor (Table 5) , could reverse some of the effects.
Neuropeptides
OPRK1, PDYN and OPRM1 have been associated with alcohol use disorders (Edenberg et al., 2008 , Schwantes-An et al., 2015 , Xuei et al., 2006 . Opioid receptors Oprk1 (κ), Oprm1 (μ) and the nociception receptor Oprl1 as well as the prodynorphin gene all had decreased expression (Table 2) . These results suggest an increase in pain processing and a reduction in the effectiveness of opioid agonists such as morphine to treat pain. Morphine which can also have anxiolytic effects, has no effect on alcohol withdrawn animals (Silva and Nobre, 2014).
Stimulation of the dorsal PAG evokes defensive behavior and physiological responses (tachycardia and increased blood pressure) (Paul et al., 2014) . Cholecystokinin peptide CCK-4 can enhance this response (Paul et al., 2014) . Both the cholecystokinin precursor (Cck) and the Cck B receptor (Cckbr) had decreased expression, suggesting reduced autonomic response to threat. Decreased expression of two NPY receptors, Npy5r and Npy1r could increase anxiety-like behavior.
The tachykinin 3 receptor has been reported to be associated with alcohol and cocaine dependence (Foroud et al., 2008) . Tacr3 expression was increased in the binge drinking animals. The tachykinin receptor Tacr1 had decreased expression, as did Tac1, the precursor for its ligand, Substance P. Substance P is associated with anxiety, stress and addiction (Schank et al., 2014) . Antagonists of Tacr1 have been shown to decrease escalated drinking in P rats but not in Wistar rats (Schank et al., 2013) . Tacr1 is more highly expressed in the accumbens shell (McBride et. al, 2013b) and CeA (Schank et al., 2014) of naïve P rats compared to NP or Wistar rats. The decrease in both Tac1 and Tacr1 could result in decreased anxiety and response to stress in the drinking animals.
Three of the genes for the somatostatin family of receptors were altered: Sstr1 (−1.7), Sstr3 (+1.5) and Sstr4 (−1.4). Somatostatin is decreased in several neuropsychiatric disorders, including major depressive disorder, schizophrenia and bipolar disorder (Lin and Sibille, 2013) . Activation of somatostatin receptors generally opposes stress related behaviors including anxiety and autonomic effects (Stengel et al., 2013) . Activation of Sstr1 mediates the blocking of stress induced colonic stimulation (Lin and Sibille, 2013) . The reduction in gene expression for 2 of the 3 Sst receptors could also contribute to potentially higher levels of response to stress in adolescent binge drinking rats. The higher expression levels of Crhr1 in the PAG of the binge drinking rats may also predict a higher level of stress reactivity.
Overall, the results with the neuropeptides suggest that repeated binge-like alcohol drinking in these adolescent rats resulted in alterations in the expression of genes within the PAG that could increase anxiety and reactivity to stress.
Ion Channels
Voltage gated sodium channels are made up of α and β subunits. The β subunits are multifunctional and can modulate gating, voltage dependence and the kinetics of the α subunits, which form the pore. There is an overall decrease in α subunit expression and an increase in β subunit expression; the reduction in α subunit expression suggests reduced neuronal excitability.
Twenty-seven potassium channels had altered expression. Three of four inwardly-rectifying channels had increased expression. Eleven of 15 voltage-gated channels had decreased expression, which may indicate altered thresholds for neuronal excitability, although the most highly expressed channel, Kcnd2, was increased. Although 3 of 5 voltage gated calcium channel genes had decreased expression, two channels that were more highly expressed had increased expression, so the total effect may have been a net increase in voltage gated calcium channel activity. This possible increase is mirrored in the upstream analysis (Supplemental Table 3 ), which suggests that calcium signaling could be more active in the alcohol group.
Decreased cholesterol and myelin synthesis
Cholesterol synthesis pathways in the PAG (and also in the DRN; McClintick et al., 2015) were altered by binge drinking (Table 4) , with many genes having decreased expression. Hmgcr (3-hydroxy-3-methylglutaryl-CoA synthase 1, down 1.5-fold), catalyzes the rate limiting step for cholesterol production. Eight additional genes in the cholesterol pathway expression decreased by 1.3 to 1.5 fold. Alcohol consumption by P rats also decreased expression of cholesterol synthesis genes in the liver (Klein et al., 2014) . Cholesterol is important for brain function, playing a major role in synaptogenesis, membranes, synaptic vesicles and myelin sheaths; 70-80% of the cholesterol in the brain is in the myelin sheaths. Since cholesterol cannot cross the blood-brain barrier, all cholesterol in the brain is synthesized there (Zhang and Liu, 2015) . Cholesterol production peaks during development when myelination is heaviest. Cholesterol levels are tightly regulated, and levels are sensed by the sterol regulatory-element binding proteins (Srebp); the upstream regulator analysis indicates that Srebp and insulin signaling (which can also control expression of genes for cholesterol synthesis, uptake and transport) appear to be reduced. Decreases in brain cholesterol can have deleterious effects. Lovastatin applied to primary hippocampus neurons, leading to decreases in cholesterol, impaired synaptic vesicle release and decreased neurite growth (Mailman et al., 2011) .
The binge drinking animals also had decreased expression of genes involved in myelin formation, which has been noted in other tissues (Lewohl et al., 2000 , Mayfield et al., 2002 , McClintick et al., 2013 , Sokolov et al., 2003 , and in pre-clinical models of adolescent binge drinking (Vargas et al., 2014) . Decreased myelination and poorer myelin integrity have also been found in adolescents with extensive alcohol use (Jacobus and Tapert, 2013) . Decreased myelination during adolescent development could have a major impact on brain function. It is unknown whether decreased cholesterol production is the cause of decreased myelination in the brains of alcoholics but Hmgcs1 and Hmgcr in the biosynthetic pathway also had decreased expression in the hippocampus of alcoholics, who also had decreased expression of myelin forming genes (McClintick et al., 2013) . Expression of both myelin-related genes and Hmgcr is decreased in post-mortem studies of frontal and motor cortex and temporal cortex (Mayfield et al., 2002; Sokolov, et al., 2003) . Hmgcr, Hmgcs1, Dhcr7 and Sqle all had decreased expression in the VTA of binge drinking adult female P rats (McBride et al., 2013a) . Cahoy et al. (2008) identified genes enriched in different cell types that could serve as characteristic markers of those cells. We examined the differentially expressed genes for evidence of patterns that might reflect a change in relative numbers of several cell types in the PAG of these animals. Genes that are characteristic of neurons and astrocytes (Cahoy et al., 2008) showed a similar ratio of over-and under-expression as the full set of genes, close to 50%, indicating that there was no substantial change in the contribution of those cells to the PAG. But of the genes characteristic of oligodendrocytes, 80% were decreased, suggesting a decrease in the number and/or function of oligodendrocytes as a result of the alcohol exposure.
Potential alterations in cellular composition of the PAG
Drugs that may reverse transcriptional effects of alcohol
The upstream analysis performed with IPA looks for endogenous genes and molecules that could be responsible for the alterations in gene expression, and also for drugs that could have similar or opposing effects. Negative z-scores in Supplementary Table 3 mean that the molecule causes expression of the subset of genes it regulates to go in the opposite direction to those caused by the ethanol exposure. The drugs that have negative z-scores (Table 5) might, therefore, reverse some of the effects of this repeated high level of alcohol exposure. Many of these are drugs already have FDA approval for another indication. One of them, mifepristone, is in early clinical trials (Vendruscolo et al., 2015) ; early indications are that it may decrease alcohol seeking in alcohol dependent individuals. PPARα agonists (fibrates and thiozolidinediones) have already been used in pre-clinical studies and shown to reduce ethanol intake in mice (Blednov et al., 2015) . Isoquercitrin, which is found in medicinal herbs like St. John's Wort, appears to increase the expression of many genes in the cholesterol pathway (Soundararajan et al., 2008) that were decreased by ethanol exposure (Table 4) . Taurine, which is found in many energy drinks, is a glycine receptor agonist. The FDA has warned that mixing of those energy drinks with alcohol should be avoided because it is associated with higher levels of alcohol consumption, especially in adolescents and young adults (Food and Drug Administration, 2010); this might be in part because it reduces the negative effects of alcohol. The upstream regulator analysis also indicates that norepinephrine is active; two drugs that block α1 adrenergic receptors, prazosin and doxazosin, are in randomized trials for alcohol dependence and alcohol dependence plus PTSD (Kenna et al., 2015; Simpson et al., 2015) . The positive score for morphine (Table 5) indicates that an opioid antagaonist like Naltrexone may be effective in countering some of the effects of the excessive drinking.
Conclusions
We have shown that gene expression in the PAG is strongly affected by binge drinking in adolescent rats, including alterations in the composition of NMDA, AMPA and GABA A receptors. Many serotonin, glycine and acetylcholine receptors had decreased expression after adolescent binge drinking, as did many neuropeptides and their receptors including the opioid systems and receptors that are linked to anxiety and panic behavior. Taken together, these changes in the development of these transmitter systems suggest increased susceptibility to stress and anxiety, which could increase relapse drinking to relieve these symptoms (the "dark side" of addiction -Koob, 2013). Genes for cholesterol production had reduced expression, as were genes involved with myelination, which could have lasting effects on the connectivity between brain regions. The overall pattern of altered gene expression suggests marked behavioral changes would occur if these alterations in gene expression persisted into adulthood.
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